Abstract. In January 1993 an extensive set of radar and optical data was gathered from various key sites around the world during a coordinated "10 Day Run" designed to investigate the coupled dynamic behavior of the upper atmosphere on a large, reediron and small scale. As part of this campaign an all-sky CCD imaging system was operated at Arecibo Observatory, Puerto Rico, to help quantify the response of the low latitude mesosphere-thennosphere system to short period (<1 hour) gravity waves. Measurements of the OI(557.7 nm) and near infrared OH nightglow emissions were made in conjunction with photometric and ISR radar soundings and revealed an abundance of small-scale structure in the 80-100 km range. In this letter we apply two-dimensional spectral analysis techniques to aid in the interpretation of a complex set of image data that consisted of two intersecting quasi-monochromatic gravity wave patterns progressing on approximately orthogonal headings. An h•vestigation of the spectral content and temporal evolution of these wave motions at each emission altitude is presented.
Introduction
Image measurements of the naturally occurring nightglow emissions provide an important technique for remote sensing gravity waves in the vicinity of the mesopause. To date most imaging studies have focused on measurements of prominent, quasi-monochromatic wave motions and have revealed significant h•fonnation on their average horizontal wavelength (Zh), horizontal velocity (Vh) and their occurrence frequency [e.g. Taylor and Hill, 1991; Swenson and Mende, 1994] . The availability in recent years of sensitive solid state (CCD) imagers now makes it possible to perform a quantitative spectral analysis of the dominant frequency components constituting the quasixnonochromatic wave motions and to assess changes taking place in the wave field that are difficult to measure using conventional spatial analysis methods [Hapgood and Taylor, 1982] .
During the AIDA '89 campaign Arecibo was the focus of several gravity wave investigations and the temporal properties of long and short period wave motions were measured in considerable detail [e.g. Wiens et al., 1993; Kieffaber et al., 1993] . However, image measurements during this campaign were somewhat limited by seeing conditions and detector sensitivity [Hecht et al., 1994] . As part of the January 1993 "10 Day Run" campaign a large field, monoclu:omatic CCD imager Copyright 1995 by the American Geophysical Union.
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0094-8534/95/95 GL-02491 $03.00 capable of detecting faint structure in the nightglow emissions was field tested at Arecibo. Measurements were made of the OI(557.7 nm) nightglow line emission, which originates at a mean height of-96 km, and of the near infrared (NIR) hydroxyl (OH) band emissions, which arises from a well-defined layer centered at-87 km.
Observations of these two emissions provide an effective mechanism for investigating the penetration of wave energy from the mesosphere into the lower thennosphere. The observing conditions at the optical site were good and a wealth of small-scale, short period structure was recorded.
Here we analyze a particularly interesting set of waves imaged on the night of 21 January. A comparison of these data with the ISR radar measurements will be the subject of a separate report.
Instrumentation
An all-sky (180 ø) CCD imaging system comprising an AT200 digital camera (on loan from Photometrics Co.) and an f/4 telecentric lens arrangement (supplied by Keo Consultants) was installed at Arecibo Observatory, Puerto Rico (18.35øN, 66.75 ø W) in mid January 1993. The camera utilized a Kodak KAF-4200 array (area 3.4 cm 2) cooled to -40øC (dark current 4). 12 e-/pix/s). Structure in the O1(557.7 nm) emission was isolated using an interference filter of halfwidth 2.4 ran. Observations of the NIR OH emission were made using a broad band filter (715-930 nm halfwidth) with a notch at-865 nm to suppress contributions from the O2(0,1)At band emission (courtesy of G. Swenson). Filters were changed manually at intervals during the night and images of the selected nightglow emission were recorded every three minutes. Exposure times of 15s for the OH signal and 120s for the fainter OI emission were determined.
Each image was 4x4 binned to 512 x 507 pixels and digitized to 12 bit resolution.
Observations
Observations were made during the new moon period 16-29 January, 1993. The large field of view (>750,000 km 2) and the high spatial resolution (4).6 lan in zenith) provided an excellent capability for remote sensing small-scale gravity waves within a -500 km radius of Arecibo. On 21 January measurements were made primarily of the OI (557.7 nm) emission. 
Spectral Analysis and Results
To quantify the morphology and dynamics of these two quasimonochromatic waves a spectral analysis of the data was performed using a two-dimensional discrete Fourier transform. A fifil description of the analysis method will be presented elsewhere. Briefly, a "background" was created for each image by removing the brightest stars and averaging together a series of 11 pictures centered on the image to be processed. These backgrounds were then used to flat-field the image data set. ...............  0 ....................................  0 ................................ This result has implications on the sources of these types of gravity waves many of which are considered to be tropospheric in origin. The extensive, near linear nature of the wave field is indicative of an extended source such as a front or a jet stream located to the NE of Arecibo. The similarity in periodicity of the two wave components and their close propagation azimuths suggest that wave generation may have occurred at different locations within the same source region. Temporal analysis of these data has also revealed that the wave components varied considerably in amplitude with time and that the longer wavelength primary component was sometimes absent for extended periods of time (e.g. Figure 2b ). Wind filtering in the middle atmosphere may have had an importmat influence on the observed wave variability. However, it is also possible that the source of the longer wavelength component may have been less persistent than that of its companion. The appearance of a second quasi-monochromatic disturbance propagating almost perpendicularly to the primary wave components indicates the presence of another source region, located to the-SSE of Arecibo.
Both of these disturbmaces were detected in the OH and OI layers (mema separation-10 km) suggesting that wave energy was able to propagate from the mesosphere into the lower thermosphere on ffis occasion. Furthermore, the power in the primary OI wave component (not shown) was observed to increase considerably during the course of the night by a factor of-5 times correspondh•g to a marked growth in its visibility and contrast. In comparison, the second wave exhibited very little power prior to 06:30 UT and was most contrasted over an hour later around the time of Figure lb . In summary, spectral analyses of nightglow image data are rare and these measurements constitute the first detafied investigation of quasi-monochromatic wave motions imaged in the OI emission. CCD data may also be used to investigate the twodimensional horizontal wave number spectrum [Hecht et al., 1994] . Recent studies indicate that the shape of this spectrum should be influenced strongly by the characteristics of the lower atmospheric wave sources [Gardner, 1994] . A derailed study of the slope of the wave spectrum will be presented at a later date.
